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ABSTRACT
This thesis attempts to establish the groundwork for integrating a GaN nanowire
into an AFM probe resulting in a universal atomic force microscope probe. Previous
studies have shown GaN nanowires have stable mechanical properties, can be fabricated
at scale with high aspect ratios and very smooth side walls, and have intrinsic lasing
capabilities; however, mechanical and lasing capabilities have not yet been integrated
into a single AFM probe. Here, we develop and analyze a suspended waveguide optical
pumping concept that can be fabricated and applied to an AFM probe cantilever,
unlocking full potential of GaN’s optical and mechanical properties as an AFM probe tip.
We also develop a novel method and discover key insights into tuning the stress of SiO2
suspended films without effecting refractive index, a process step that is critical to the
fabrication of the universal AFM probe and applicable to other applications such as
distributed Bragg reflectors.
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1. INTRODUCTION
Although optical microscopes were invented in 1590’s and electron microscopes were
invented in the 1930’s, it was not until the invention of the scanning tunneling
microscope (STM) in 1982 that it was possible to measure topology of a surface at the
nanometer and sub nanometer scales [1]. Binnig et al. (1982) used a metal probe tip to
scan CaIrSn4 and Au samples while keeping constant the tunneling current between the
sample and probe tip. Since tunneling current is directly related to the gap height between
the sample and probe tip, the scan in turn meant the probe height above the sample
surface is kept constant. The scan resulted in a probe undulating over a sample topology
at sub nanometer resolution and piezo driver data that was reconstructed into a 3D image.
Binnig et al. (1983) showcased this promising technology by imaging a surface
reconstruction of 7x7 Si (111) in real space [2]. In 1986 Dr. Binnig and Dr. Rohrer
received the Nobel Prize in physics for their invention of the STM.
While STM technology continued to show promise, and is still helping make
breakthroughs today, it is not without its limitations. Samples must be extremely flat, and
most importantly, conductive. Binnig et al. (1986), realized there is not an equivalent
approach for sub-nanometer scale mapping of surfaces for insulative materials. So Dr.
Binnig expanded on STM technology with the invention of the atomic force microscope
(AFM) [3]. While the STM probe tip interacts with the sample through tunneling current,
the AFM interacts though Van Der Waals forces between a sharp probe tip and the
sample surface, insulative or not. The sample surface interacts with an AFM probe
mounted to a cantilever. Small changes to the cantilever’s position or oscillation, due to
probe-sample interaction are measured by an STM tip on the backside of the cantilever
1

and controlled by piezo drivers. Today it is more common to have a laser reflecting off
the back side of the AFM cantilever and a photodiode to measure the probe’s position.
Over the 32 years since commercialization of the AFM there has been an expansive
increase of applications based on the AFM platform. The versatility of the AFM platform
comes from the responsiveness of the microfabricated cantilever, the piezo control
system, and the ability to integrate different probe tips into the system. Silicon and silicon
nitride probe tips can be used for force measurement and material property analysis
including plastic deformation, adhesion, electrostatic forces, hydrodynamic, lipid layers,
and van der Waals to name a few [4]. Tips coated with conductive materials can be used
for electrical characterization of the sample such as surface potential, local conductivity,
dielectric breakdown, doping distribution, and more [5]. Silicon probes can be combined
with an infrared laser to map chemical information of biological, polymer, and
semiconductor samples based on measurement of the thermal expansion decay rate [6].
Tip-based nanofabrication techniques include making thermo-chemical, electro-chemical,
and photo-chemical changes to a surface with near-field scanning optical microscope
(NSOM) probe tips [7].
Recently, there has been an interest in using GaN nanowires as tips for AFM and
STM applications. GaN nanowires can be fabricated with sharp edges and straight side
walls making them useful for imaging of high aspect ratio structures with the AFM and
STM platforms [8]. In addition, GaN is harder than traditional silicon-based tips,
allowing for added durability, longer scan times, and reducing the possibility of having
tip-based artifacts present in an image. GaN nanowires also are of interest for lasing
applications since GaN is a direct bandgap semiconductor that can be tuned from 0.7 to

2

3.4 eV. Recent developments in fabrication have allowed for controllable diameter and
aspect ratio with high quality side walls at a cost-effective scale, Figure 1.1 [9].

Figure 1.1 – a) SEM image of GaN nanowire array fabricated with cost-effective methods. b, c, and d) TEM
images of a GaN nanowire showing very smooth sidewalls and high-quality crystal structure. Figure from
Behzadirad et al., 2018.

While GaN nanowires have been effectively used with the AFM platform and its
lasing abilities measured, its optical properties have not yet been applied to AFM [8], [9].
This work explores the feasibility to make a universal AFM probe that can be used for
traditional AFM microscopy, NSOM, and direct write lithography. In particular, the
focus of this thesis is on developing the design and techniques to enable optically
pumping the probe using an integrated system compatible with conventional AFM. Such
a system would be capable of topological measurements, NSOM, direct write
lithography, and nanoscale ablation.

3

2. COMPUTATIONAL ANALYSIS OF GAN NW OPTICAL
COUPLING DEVICE
2.1 Introduction and Experimental Design
A computational study using Lumerical FDTD (Finite-Difference Time-Domain)

Figure 2.1 – 3D rendered concept of the universal atomic force microscope probe device

software was used to develop a proof of concept design to couple a waveguide to a GaN
NW for optical pumping (benchmarking of this analysis can be found in the appendix A).
Specifically, the modelling was used to understand what materials would perform best,
what form factor a waveguide might take, and to predict the efficiency of a final design
when fabricated. Some fabrication and application constraints had to be considered,
including:
•

Using known fabrication techniques for GaN NW’s.

•

Using a 266 nm pumping source

•

Using silicon wafers as a substrate, necessary for AFM cantilevers

•

Reducing interference of optical pumping with the sample or lithography pattern.
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•

Using waveguide materials that optimize pumping efficiency and minimize loss to
reduce power requirements.

With these constraints in mind, an initial concept can be seen in Figure 2.1, where a
laser is pointed at a grating coupler, coupling the light to a waveguide that directs the
light toward the NW probe for excitation. While the concept might be simple,
computation time required to model and iterate on the entire device would be
extremely long. This is due to the scale of its components, with macro, micro, and
nano scale features. The approach we will take is to break up the modeling into three
main sections and find the maximum transmission percentage of each section by
using Lumerical FDTD software. The three sections (Figure 2.2) are:
1. In-coupling (grating coupler and taper), where the pumping source is
coupled into the slab waveguide
2. Waveguide, where the excitation light is propagated to the NW probe
3. Out-coupling (waveguide-NW interface), where the light couples to the
nanowire

Figure 2.2 – Schematic showing the three major sections for FDTD optimization.
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2.2 Material Selection
GaN is a high band gap semiconductor which means it requires wavelengths less than
365 nm for excitation. Materials with low absorption coefficients in the UV range (less
than 365 nm) are ideal as waveguides for this application because the low absorption
coefficients will minimize propagation loss due to absorption. Each material’s ability to
transmit 266 nm and 325 nm wavelength light was modelled to compare each material’s
potential use for a waveguide. For the baseline propagation loss calculation in Lumerical,
each material was modeled with a 300 nm wide and 300 nm thick waveguide (Table 2.1).
Based on Table 2.1, the best choice for a waveguiding material at 266nm is SiO2 with
air cladding on the top and bottom, meaning the waveguide is suspended. Suspended
waveguides have been fabricated [10], but they have never been used to pump GaN
Table 2.1

nanowires and could prove challenging due to the design constraints described in Section
2.1. While there are several different types of slab waveguides, including ridge, slot,
infused, and buried, the material compatibility leaves only a suspended rib waveguide as
an option for this device.

6

2.3 Waveguide Analysis

Figure 2.3 – Cross section of suspended rib waveguide with shading for
refractive index of the constituent materials at 266 nm.

With the material (SiO2) and type of waveguide (Ribbed) selected (Figure 2.3) we
optimized the geometry, waveguide width and thickness, with two goals in mind.
•

Maximize nanowire overlap with the fundamental mode intensity to
ensure efficient coupling into the nanowire

•

Maximize wave confinement to reduce propagation loss due to waveguide
dispersion

Scattering losses due to side wall roughness and absorption losses from material impurity
were not accounted for in these computations. Since there are no bends in the waveguide,
radiative losses can be ignored. Satisfying these goals simultaneously to a perfect degree
is not possible, so to achieve the best possible parameters, a comparative approach was
taken. Two heat maps were generated, one for values of propagation loss and one for
values of percent nanowire-mode overlap, for different height and width geometries of
the waveguide. The overlap percentage was calculated by comparing the transverse
electric (TE) mode intensity to a filtered intensity in the shape of a nanowire (Figure 2.4).
7

a)

b)

c)

d)

Figure 2.4 – a) Initial TE mode and waveguide geometry. b) waveguide geometry with a nanowire
shaped filter in red. c) nanowire-TE mode overlap. d) final waveguide geometry and mode
determined in Figure 2.5.

Examining these two heat plots side by side (Figure 2.5) reveals the optimum waveguide
geometry to satisfy the two goals as 500 nm, 350 nm, and 200 nm, for the waveguide
thickness, waveguide height, and slab thickness, respectively.
a)

b)

Figure 2.5 – The red circle indicates the optimum waveguide geometry by comparison of a and b. a)
Heat map of percent modal intensity overlapping the nanowire filter with respect to waveguide thickness
and width b) Heat map of propagation loss with respect to waveguide thickness and width.
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2.4 In-coupling Analysis (Grating coupler and Taper)
2.4.1 Grating coupler
There are different methods for coupling light into a waveguide such as grating,
taper, and edge couplers. For this study, a grating coupler was thought to be most
appropriate since it can be designed to accommodate different coupling angles, providing
maximum flexibility for use with an AFM. However, other coupling techniques can be
used in its place if the application requires it. The goal of this portion of the modelling
was to optimize the grating coupler geometry for a gaussian laser beam with 266 nm
wavelength.

Figure 2.6 – 2D analysis setup with frequency monitors, input beam, input angle , and grating coupler, and
waveguide.

The setup for the analysis is shown in Figure 2.6. There are many parameters that
can be broken down into two categories: input parameters and geometric parameters. The
input parameters are beam position, and angle of incidence (θ). The geometric parameters
are the grating period (Λ), fill factor (𝑓𝑓𝑓𝑓), waveguide thickness, buffer thickness, and

Figure 2.7 – Close up view of the waveguide in Figure 2.6. Geometric
variables and materials of the waveguide are indicated.

9

etch depth (Figure 2.7). The parameters that are held constant are the angle of incidence,
which depends on the application, and the waveguide thickness determined in Section 2.1
(700 nm). Four frequency monitors were added in the model to record the percentage of
the beam passing across each monitor as the light progresses in the waveguide (Figure
2.6).
The strategy for the computational analysis was to make some initial guesses on
the inputs, calculate the transmission based on these inputs, optimize the transmission
without the substrate using a particle swarm optimization, then analyze the transmission
with the substrate and optimize further if necessary. With this approach, the optimization
can focus on the grating coupler and waveguide without the added complexity of the
substrate.
Initial guesses for the grating period (Λ) were first calculated based on the
effective index (𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 ) and Bragg condition for a grating coupler. The 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 of the grating
was calculated from the grating index equation where 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒1 and 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒2 are the effective

refractive index of the peak and trough, respectively, of the grating as measured in
Lumerical, defined as:
𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑓𝑓𝑓𝑓 ∗ 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒1 + (1 − 𝑓𝑓𝑓𝑓) ∗ 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒2

2.1

The 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 of the grating can be applied to the Bragg condition to find the grating period
(Λ) for a specific angle of incidence (𝜃𝜃).

Λ=

𝜆𝜆
𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
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2.2

Figure 2.8 – Transmission spectrum base on initial guess parameters.

With the calculated grating period and the remaining variables as initial guesses (Table
2.2), the simulation is run and evaluated for transmission percent of the input beam
passing through the waveguide 20 µm from the grating coupler. For the initial simulation,
the substrate layers were not included. Figure 2.8 shows the results of the first simulation.
To further optimize these results, a particle swarm optimization algorithm was
utilized with 30 generations and 20 particles per generation. The simulation was re-run
with the optimized variables to show improved transmission into the waveguide. After

Figure 2.9 – Transmission spectrum of the initial guess (blue), optimized parameters (orange), and optimized
parameters with the substrate (green).
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Figure 2.10 – Transmission percentage with respect to buffer thickness. The red dotted line
indicates the buffer thickness of the initial guess.

introducing the substrate materials, Si, AlN, and GaN into the simulation, the
transmission at 266 nm dropped, as shown in Figure 2.9. Since the drop in transmission
happened only after the substrate was reintroduced into the analysis there must be
destructive interference from the substrate reflection and so the buffer thickness was
thought to be sub optimal. In fact, by plotting transmission percentage with various buffer
thicknesses (Figure 2.10) the initial buffer thickness of 250 nm indicated by the red

Figure 2.11 – Transmission spectrum of the initial guess (blue),
optimized parameters (orange), and optimized parameters with the
substrate and an optimized buffer thickness (green).
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dotted line is close to the least optimal thickness. The simulation was then re-run with the
buffer thickness of 300 nm. Figure 2.11 shows the results with the optimal parameters.
Table 2.2 shows the values of each variable at each iteration. The final transmission
percentage we were able to model was 55% of the input beam, an increase of 50% from
the initial analysis. By looking at the electric field view of the initial and final waveguide
geometry, as in Figure 2.12, you can see the important role the substrate plays in coupling
light to the waveguide.
Table 2.2

a)

b)

Figure 2.12 – 2D E-field image of a) initial parameters and b) final parameters.
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2.4.2 Taper
Once the beam has been coupled into the slab, a taper focuses the beam down into
the width of the waveguide, 350 nm, as seen in Figure 2.13. To optimize this geometry,
we considered both the beam position and the width of the taper while keeping the taper
length (30µm) and waveguide width constant. Figure 2.14 shows the transmission
percentage into the waveguide for the various beam positions and widths. A 3 µm taper
width and centered beam position was modeled to have the best transmission at 97.7%.

Figure 2.13 – Schematic of the taper and parameters: width and beam position.

Figure 2.14 – Transmission percentage for different beam positions and taper widths.
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2.5 Out-coupling Analysis (Nanowire-waveguide interface)
The out-coupling analysis covers the coupling from the waveguide into the
nanowire. One goal of the waveguide design was to maximize the overlap of the TE
mode and nanowire, but we needed to better understand what this means for absorption
into the nanowire and whether the waveguide-nanowire interface can be optimized for
maximum absorption. This part of the computational analysis uses a 3D FDTD model
seen in Figure 2.15. The model consists of the optimized waveguide geometry and
materials, and a boundary to measure percent of the E field leaving the simulated volume.
This boundary includes the nanowire, but excludes the substrate layers of GaN, AlN, and

Figure 2.15 – 3D analysis setup including the waveguide, nanowire, and transmission monitors.

Si. The only lossy material within the boundary is the GaN nanowire. The absorbed E
field from the injected mode is therefore the percentage of the E field that does not cross
the boundary.
We evaluated three different types of waveguide-nanowire interfaces to optimize
absorption: straight, taper, and distributed Bragg reflector. Each of the different interface
types were evaluated without a nanowire, as a baseline, and with a nanowire of different
diameters: 50 nm, 100 nm, 150 nm, 200 nm, and 250 nm. A 2D plot of the E field can be
15

a)

b)

c)

Figure 2.16 – E-field image of different waveguide-nanowire interfaces. a) straight interface. b) taper interface. c)
DBR interface.

seen in Figure 2.16 for the three different interface types. By plotting the absorption
percentage vs nanowire size for each of the interface types, we can see that a tapered
waveguide-nanowire interface consistently has the best absorption values across the
different nanowire diameters, Figure 2.17.

16

Figure 2.17 – Absorption percentage with respect to nanowire diameter for different waveguidenanowire interfaces

2.6 Final Design
By multiplying the efficiencies of the 3 different sections of the nanowire
coupling device, in Figure 2.18, an overall efficiency of ~32% is predicted, depending on
waveguide length. From a computational point of view, we have gained an
understanding of what geometries are required and the overall efficiency that is predicted.
A more detailed model of a proof of concept device can be seen in Figure 2.19. This
device can be fabricated and tested in a laboratory optical pumping setup for validation of
the computational models, see appendix B for optical pumping setup details. It seems
feasible that this device can work, however, fabrication and testing the device
experimentally is still necessary.

Figure 2.18 – Three major sections of the analysis and their respective optimized efficiency. Overall efficiency
is predicted to be ~ 32% depending on waveguide length.
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Figure 2.19 – 3D rendering of the proof of concept device.
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3.

STRESS AND REFRACTIVE INDEX CONTROL OF SIO2
THIN FILMS FOR SUSPENDED WAVEGUIDES

3.1 Introduction
Chapter 2 modelled a proof of concept universal AFM probe that can be
fabricated and tested in comparison with the numerical results. All the components
modelled in Chapter 2 will be etched onto the device’s suspended waveguide. For this
reason, developing a process to fabricate the suspended waveguide is primary to the
fabrication to the device. Special consideration of the intrinsic stress and refractive index
is imperative to the suspended waveguide fabrication. High intrinsic stresses may deform
the waveguide geometry when the underlying scaffold is removed due to stress
relaxation, affecting the efficiency of the device. Also, refractive index is a key optical
parameter to a waveguide and must be controlled to maximize efficiency. This chapter
will focus on the process development of stress and refractive index control of suspended
SiO2 structures and their different applications.
In addition to a universal AFM probe, suspended SiO2 structures are important for
a number of optical and photonic integrated circuit (PIC) applications such as broad
spectra frequency combs [11], low propagation loss waveguides[10], and UV-visible
optical filters[12]. Suspended waveguides can be applied to UV absorption spectroscopy
and a broader emerging class of gallium nitride (GaN) nanowire based photonic devices
that could benefit from UV transparent waveguides – including near-field scanning
optical microscopy (NSOM), vertical cavity lasers, and direct write lithography [13],[8].
In this universal AFM probe GaN nanowire-based application, a waveguide is used to
optically pump the nanowire for emission and collect the light for signal analysis. There
19

have been recent advances in the fabrication of GaN nanowires for these optical and
mechanical applications, however, a low-loss photonic integrated circuit to propagate
light to and from GaN nanowires have not yet been developed [9]. The waveguides need
to operate in the UV spectrum (less than 365 nm) due to the high band gap of GaN (3.4
eV) and be fabricated on a GaN substrate to conform to nanowire fabrication. Common
low-loss waveguide materials in the UV range include Si3N4, Al2O3, AlN, and SiO2;
however, Si3N4, Al2O3, and AlN all have non zero absorption coefficients at 266 nm, a
common pumping wavelength [14],[15],[16]. Using SiO2 as the waveguide material and
air as the cladding in these devices allows for the combination of a low absorption
coefficient material and a high refractive index contrast enabling further enhancement
and efficiency [17]. As seen in chapter 2, a SiO2 bridge is necessary to create air cladding
on both the top and the bottom of the waveguide, however, suspended structures may be
susceptible to stress relaxation during fabrication when the scaffold material is removed
and may buckle or lift, depending on either compressive or tensile intrinsic stresses,
respectively [18]. Therefore, controlling the residual stress of the suspended material is
important to achieve the desired structure.
There have been multiple approaches to the deposition or growth of a SiO2 film
for optical and PIC devices while controlling stress of the deposited films. One approach
is to use a thermal oxide to achieve a low-stress suspended SiO2 structure[19].
Considering a thermal oxide is grown at a high temperature and requires a silicon layer
for growth, this approach is not compatible with devices requiring low temperature
fabrication or no silicon layers. Plasma-enhanced chemical vapor deposition (PECVD)
has also been used with post-deposition annealing at 600°C to achieve a film with tensile
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stress[20]. Intrinsic stress can also be controlled by varying the reactive gas ratios[21].
However, controlling the intrinsic stress by changing deposition or growth parameters
can inadvertently affect the refractive index, an important consideration for the
application as a waveguiding material. Ideally, a SiO2 bridge requires a low intrinsic
stress to fabricate efficient and reliable waveguides. Furthermore, tunable intrinsic stress
might serve broader applications.
The focus of this chapter is to investigate the role of N2O and SiH4 gas flowrate
on the residual stress and refractive index of SiO2 films deposited by inductively coupled
plasma chemical vapor deposition (ICPCVD) for different N2O to SiH4 gas ratios. The
effects of individual gas flowrates on stress and refractive index have been studied,
however a method for tuning the stress while keeping the refractive index constant was
not determined [22], [23]. While N2O and SiH4 gas ratios have also been studied,
deposition gas flowrates have not been studied independently from gas ratios to the best
of our knowledge [24],[25],[26]. The findings of this investigation will allow us to select
the best process parameters for depositing low stress SiO2 while controlling refractive
index. Once we have developed a deposition process for low stress SiO2, we can fabricate
suspended waveguides as a foundation to a universal AFM probe. To gain a clear
understanding, we also demonstrate control of these material properties by fabricating
SiO2 bridges with different stresses and discuss how it might improve the process
development for devices requiring suspended SiO2 structures.
3.2 Methods
3.2.1 SiO2 Deposition Process
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This first part focuses on stress and refractive index control SiO2 deposited on
silicon wafers. SiO2 was deposited on 2” Si <100> wafers with a Trion Orion III
ICPCVD at conditions with constant temperature, pressure, deposition time, and RF
power: 100°C, 10 mtorr, 500 seconds, and 100 W, respectively. Stress measurements
were taken of films created with either one of two deposition gas ratios, 1:9 or 1:3
SiH4:N2O, and variable flowrates. Flowrates for the 1:9 gas ratio ranged from 2:18 to
6:54 sccm while the flowrates for the 1:3 gas ratio ranged from 2:6 to 6:18 sccm. Process
parameters can be seen in Table 3.1
Table 3.1

Constants
RF
Power
(W)
100

Variables

Deposition
Pressure Temperature Time
Flowrate Ratio of
(mtorr)
(°C)
(s)
SiH4:N2O
10

100

500

1:9 and 1:3

N 2O
SiH4
Flowrate Flowrate
(sccm)
(sccm)
2 to 6

6 to 54

3.2.2 Stress and Refractive Index Measurements
Before deposition of SiO2, initial measurements were taken to establish baseline
thickness and curvature of 2” Si <100> wafers to be used as substrates for the SiO2 films.
A Flexus F2320 stress measurement system and dial indicator were used to measure the
curvature and thickness of the substrate. After deposition, film thickness and refractive
index measurements were initially measured with a Filmetrics F50 reflectometer and the
measurements were verified with a spectroscopic J.A. Woollam Ellipsometer for precise
fitting of thickness and refractive index. The substrates were then re-scanned with the
Flexus F2320 stress measurement system to calculate stress of the film based on initial
substrate curvature, final substate curvature, substrate thickness, substrate mechanical
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properties, and film thickness i.e. Stoney’s equation[27]. Figure 3.1 depicts curvature of a
wafer deposited with a tensile and compressive film.

Figure 3.1 – Tensile film (orange) curves the substrate convex. Compressive film (blue) curves the
substrate concave.

3.2.3 Waveguide Fabrication
After stress measurements of the films were taken, suspended SiO2 bridges were
fabricated on silicon (Si), germanium (Ge), and sapphire (Al2O3) substrates using the
same parameters as described above, except controlling film thickness instead of
deposition time. Figure 3.2 graphically depicts the process steps for bridge fabrication
and process parameters are shown in Table 3.2. Bare wafers were diced into 10 mm
square samples. The wafers were cleaned with acetone and iso-propyl alcohol then
dehydrated at 180°C for 5 minutes. The photoresist solution, five parts AZ5214 to four

Figure 3.2 – Cross section process steps for suspended bridge fabrication.
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Figure 3.3 – A) Top-down view of waveguide with photoresist. B) Top-down view of waveguide with
photoresist removed.

parts EBR 10-A, was spun with the samples at 5000 rpm for a target thickness of 350 nm
and post-baked for 60 seconds at 90°C. The photoresist was patterned with a contact
mask composed of 2 mm long lines with widths varying 10–50 µm in 5 µm increments.
The samples were developed, rinsed, and blown dry with N2 then post-baked on a hot
plate at 110°C for 90 seconds. A 750 nm thick SiO2 film was deposited over the patterned
samples using ICPCVD deposition conditions described above. For stacked layers, the
previous steps were repeated for each additional bridge and a Karl Suss MA6 mask
aligner was used for alignment of the bridges. The samples were cleaved transverse to the
patterned lines. The sacrificial photoresist scaffold was removed with a 30-minute plasma
exposure of O2, CO2, and N2O gases with a platen temperature of 110°C. Figure 3.3.
shows the waveguide with photoresist and with photoresist removed. The samples were
then sputter coated in Au and imaged on a Nova NanoSEM 450 instrument.
Table 3.2

Sample
Dehydration

Photoresist

180°C for 5
min

1:4
AZ5214:EBR
10-A

Spin
rpm

Post
Spin
Bake

Post
Develop
Bake

Plasma
Strip

5000

90°C for
60 s

110°C
for 90 s

110°C
for 30
min
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3.3 Results

Figure 3.4 – Residual SiO2 film stress varies with flowrate of SiH4 and N2O. A positive value in film stress
indicates a tensile film and a negative value indicates a compressive film. For the 1:9 SiH4 to N2O ratio
(triangle) and 1:3 SiH4 to N2O ratio (circle), the maximum standard deviation of the measurement is 6.4 MPa.

Figure 3.4 shows that the films deposited with lower flowrates consistently
produced a film with a tensile residual stress whereas higher flowrates produced films
with a compressive residual stress. The highest tensile stress measured was 50.1 MPa,
made using a flowrate of 2:18 sccm SiH4:N2O. Transition from tensile to compressive
stress for both gas ratios occurred at 3–4 sccm of SiH4. The maximum compressive stress
measured was –63.9 MPa made using a flowrate of 6:18 sccm SiH4:N2O. Stress in the
films made using either the 1:9 or 1:3 gas ratios did not vary significantly except for the
highest flowrate, 6 sccm SiH4. Deviation from a linear regression at 6 sccm SiH4 could
mean that the plasma was unstable with a high N2O gas concentration. The flowrate
appears to affect the stress created during film deposition but porosity or stoichiometry
changes, resulting from the different flowrates, may affect refractive index. Therefore,
the refractive index of each sample was measured to ensure that only the film stress was
changing with flowrate, not porosity or stoichiometry. Figure 3.5 shows that refractive
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Figure 3.5 – The measured refractive index is shown with respect to flowrate: The refractive index is measured
with ellipsometery (error < 0.005).

index only changes with different flow ratios but the refractive index does not change
with flowrate for a given flow ratio. Therefore, the variation of stress within a flow ratio
cannot be attributed to a change in porosity or stoichiometry.
Fine-tuning the intrinsic stress during film deposition without affecting the
refractive index appears feasible. The low refractive index (n) values compared to bulk

Figure 3.6 – The deposition rate shown with respect to flowrate. The deposition rate of the films was calculated
using thickness measurements from the ellipsometry data and verified with SEM cross-section measurements.
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SiO2 (n = 1.5) indicate that the porosity or stoichiometry may be different from bulk
SiO2. The deposition rate varies with flowrate, as shown in Figure 3.6. Therefore, the
residual film stress is most likely a result of growth (depositional rate) or intrinsic stress.
Fine-tuning the intrinsic stress during film deposition without affecting the refractive
index appears feasible.
3.4 Discussion
We observed a transition from tensile stress to compressive stress with increasing
deposition gas flowrates. The deposition rate increases with increasing flow rate, which
can be explained by more reagents reaching the substrate surface and the deposition not
being reaction limited[28]. Since deposition temperature is held constant throughout all
samples, residual stress due to a coefficient of thermal expansion (CTE) mismatch can be
refuted. Also, the films were deposited on various substrates showing the mechanism is
not likely substrate specific. In some materials, such as Cu, film thickness directly effects
film stress, however it has been shown that CVD SiO2 has no such effect[29], [30]. There
has been a distinction drawn between CVD, typically yielding tensile films due to
random deposition and gradual cross linking, and plasma CVD, typically yielding
compressive films due to energetic bombardment and rapid growth[31], [32]. A kinetic
modeling study, using a dimensionless D/RL parameter where D is effective diffusivity,
L is grain size, and R is the deposition rate, predicts a compressive film for a large D/RL
value and a tensile film for a low D/RL value; however, this is not consistent with our
results in terms of deposition rate[33]. In our study, effective diffusivity is likely constant
since deposition temperature and pressure are held constant. Also, in this study the
refractive index is constant for a given deposition gas ratio (Figure 3.5), indicating
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porosity of the films do not vary significantly[34]. For comparison, deposition gas ratios
have a significant effect on the optical properties of SiN films probably due to a change
in stoichiometry [35]. One study looking at SiC films reports an increasing compressive
stress with increased power and deposition rate which they attribute to densification of
the film but report no significant change in refractive index [36]. There are many
variables that can affect stress in a deposited film. In our study, grain size could be the
major contributor to the stress transition from tensile to compressive with increasing
deposition gas flow rates. Future research will examine the difference between the kinetic
model [33] and the results of this study.
We examined how intrinsic stress affects the fabrication of suspended SiO2
bridges (hereafter referred to as ‘bridges’) and verified stress measurements by observing
the stress relaxation and deformation of the fabricated bridges. Since there were no
significant differences in intrinsic stress between the 1:3 and 1:9 gas ratios and, only the
1:3 gas ratio was used for bridge fabrication. Examples of 10, 30, and 50 µm wide

Figure 3.7 – SEM images were taken of suspended structures of various bridge lengths. Bridge lengths up to 50 µm
were fabricated on Si with a SiO2 thickness of 750 nm. a) 50 µm bridge; b) 10 µm bridge; c) 30 µm bridge.
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bridges are shown in Figure 3.7 (bridges were however created in 5 µm increments
ranging 10–50 µm in width). The stress relaxation due to residual stress can be
qualitatively observed by comparing the sacrificial photoresist height to the height of the
bridges after the photoresist was removed.
The sacrificial photoresist height was 362 nm. After the photoresist was remove,
an observed increased gap height is indicative of stress relaxation in a compressive film,
whereas a decreased gap height is indicative of stress relaxation in a tensile film. The gap
height after the sacrificial photoresist was removed from the 20 µm wide bridges, was
measured with cross-section SEM images and shown in Figure 3.8. The bridge shape
changed from concave (tensile) to convex (compressive) with an increasing flowrate

Figure 3.8 – Using SEM images, the gap heights were measured from the center of the bridge to the
substrate. SiH4 to N2O ratios and gap heights are reported respectively: a) 2:6 sccm and 317 nm; b) 3:9 sccm
and 348 nm; c) 4:12 sccm and 368 nm; d) 5:15 sccm and 425 nm; e) 6:18 sccm and 496 nm; f) close-up
image of a bridge corner shows there is no cracking.
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(Figure 3.9). While gap height differences are difficult to see in the SEM images, they
can be measured and plotted along with the corresponding flowrate and sacrificial
photoresist height. Bridge height changed depending on flowrate, from concave to
convex, (and, thus, intrinsic stress relaxation) as shown in Figure 3.9. Stress relaxation
direction of the films agrees with the measured stress of each film. The optimal
depositional flowrate for minimal stress relaxation, where gap height is nearest to the
sacrificial photoresist height, is 4:12 sccm SiH4:N2O. Air-bridge fabrication was
successful using a 4:12 sccm flowrate on germanium and sapphire substrates,
demonstrating the flexibility of air-bridge fabrication. Additionally, a stack of three SiO2
ridges was fabricated and imaged in Figure 3.10, further demonstrating the feasibility,
durability, and flexibility of this fabrication process.

Figure 3.9 – The gap height measured from the center of 20 µm wide air-bridges is shown with respect to
flowrate. The measurements were taken on a cross-section SEM image after the photoresist was removed.
Initial photoresist height was also measured before removal. In red are the stress measurements corresponding
to each of the flow rates.
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Figure 3.10 – Three stacks of air-bridges were fabricated using the 4:12 sccm SiH4 to N2O ratio.

3.5 Conclusion
The gas flowrate was found to be the primary variable for creating a tunable
parameter that allowed for the deposition of compressive and tensile SiO2 films without
significantly impacting the refractive index of the film. To achieve a high tensile film, the
deposition rate will be very slow. The greatest advantage of using this method is the
flexibility to fabricate suspended SiO2 structures on different substrates or temperaturesensitive materials (e.g., Si, Ge, photoresist, SiO2, and Al2O3). Long-term stability of the
air-bridges should be studied. Future research focus could include fabrication of a simple
photonic architecture, such as distributed Bragg reflectors or waveguides, for optical
characterization in comparison to analytical models used to join UV emitters and
photodiodes in a complete PIC. Using this fabrication technique, low stress suspended
waveguides can be fabricated, laying the foundation for a universal AFM probe.
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4. CONCLUSION
While many AFM probes can be used for imaging, specialty applications such as
chemical mapping, lithography, or mechanical studies require specialized probe tips.
GaN nanowires have shown promise for use as AFM probe tips, however there is no
current solution for utilizing GaN’s optical properties as a probe tip. The work in this
thesis developed and demonstrated feasibility of a universal AFM probe through
computational modeling and suspended film fabrication. The concept was
computationally analyzed in sections with Lumerical FDTD software to determine the
predicted efficiency of in-coupling light, light propagation, and out-coupling into the
nanowire as 32%. We have also shown that it is possible to fabricate the suspended SiO2
films, necessary for the concept to work, without compromising the refractive index of
the film. During suspended film fabrication, we have also discovered film stress to be
tunable without significantly effecting refractive index by changing gas flowrate at a
constant gas ratio. This discovery can aid in applications where suspended films are
necessary and high temperature anneal is not possible. We hope that using the
groundwork this thesis will lead to fabrication of a universal AFM GaN NW probe
concept for experimental testing and other applications requiring suspended SiO2 films.
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Appendix A. Computational Analysis Benchmarking
Convergence studies were used as a precursor to computational analysis to determine
mesh and boundary condition parameters to yield the most accurate results.
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Appendix B. Experimental Optical Pumping Setup
A 3D rendering of the optical pumping setup is shown below. The goal of this setup is
threefold: 1) Optically pump the universal AFM probe in a laboratory setting. 2) Measure
the emission spectra and power from the GaN nanowire probe tip. 3) Allow for ease of
alignment and adjustment of pumping power. The aim is for this setup to aid in
developing the first universal microscope probe and continual improvements thereafter.
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